Objectives: Age-related arterial stiffening and reduction of arterial elasticity are attenuated in individuals with high levels of cardiorespiratory fitness. Viscosity is another mechanical characteristic of the arterial wall; however, the effects of age and cardiorespiratory fitness have not been determined. We examined the associations among age, cardiorespiratory fitness and carotid arterial wall viscosity.
INTRODUCTION
T he central elastic arteries are viscoelastic tubes, the principal functions of which are to act as conduits and to buffer flow pulsatile energy imposed by cardiac contractions. Although purely elastic materials permit all the stored energy to be restored during the unloading phase, arteries are not purely elastic and exhibit marked viscous behaviour. Arterial wall viscosity is a source of energy dissipation, considering viscosity as an energydissipating phenomenon during mechanical transduction (conversion of cardiac pulsatile energy into arterial elastic energy) [1] [2] [3] [4] . Therefore, the arterial mechanical characteristics include both elastic and viscous properties. However, arterial elastic properties, such as dynamic arterial compliance, beta-stiffness and pulse wave velocity, are often used to assess vascular health (i.e. the effects of ageing, cardiovascular diseases, habitual exercise, cardiorespiratory fitness status and so on) [5] [6] [7] [8] , and viscous properties have been considered less important in the assessment of vascular function.
Although arterial stiffening develops with advancing age [7] , left ventricular contraction remains unchanged [9] , which suggests that stiffening arteries with reduced elasticity cannot flexibly receive the steady pulsatile energy imposed by cardiac contractions. Thereby, in arteries stiffening with advancing age, because pulsatile energy produced by cardiac contraction is converted to less elastic energy, energy dissipation during mechanical transduction may be elevated with ageing. Furthermore, age-related arterial stiffening is attenuated in individuals with high cardiorespiratory fitness [7, 8] . This suggests that inefficient elastic contraction in the vessel wall occurring with advancing age is attenuated in cardiorespiratory fit individuals. Hence, when efficient elastic contraction in the arterial wall is maintained by good cardiorespiratory fitness, the age-related increase in energy dissipation may also be attenuated.
Previous studies indicated that wall viscosity in the central artery is positively associated with sympatheticadrenergic tone [10] and intima-media thickness (IMT) [11] . Although sympathetic nerve activity and IMT develop with advancing age, these age-related increases are
MATERIALS AND METHODS

Individuals and ethical approval
A total of 111 healthy men aged 25-39 years (young) and aged 40-64 years (middle-aged) participated in the present study ( Table 1 ). The individuals were recruited from the local community around the National Institute of Health Nutrition. None of the individuals were regularly engaged in endurance and/or weight training exercise. Individuals who were taking medications, had ever used anabolic steroids or who had significant carotid intima-media thickening (<1.1 mm), plaque formation and/or other characteristics of atherosclerosis [ankle-brachial index (ABI) <0.9] were excluded from the study. The purpose, procedures and risks of the study were explained to each individual, all of whom provided written informed consent before participating in the study, which was approved by the Human Research Committee of the National Institute of Health and Nutrition. This study was carried out in accordance with the guidelines of the Declaration of Helsinki.
To assess the effects of cardiorespiratory fitness on viscoelasticity in the common carotid artery, the individuals were divided into either cardiorespiratory fit or unfit groups on the basis of the mean value of peak oxygen uptake (VO 2peak ) every 10 years of age.
The individuals abstained from caffeine and fasted for at least 4 h (12 h overnight fast was used to determine carotid arterial viscoelasticity, compliance and stiffness) before they were tested. The individuals also abstained from heavy exercise for at least 24 h to avoid the immediate (acute) effects of exercise. All measurements were carried out under comfortable laboratory conditions between 0900 and 1200 h. The fitness assessment was performed after the other tests.
Carotid arterial diameter waveform
Carotid arterial diameter waveform was measured using a B-mode ultrasound device (Vivid i; GE Medical Systems, Milwaukee, Wisconsin, USA) equipped with a 7.5-MHz probe. A longitudinal image of the cephalic portion of the right common carotid artery was acquired 1-2 cm proximal to the carotid bulb in the supine position. Sequences of images from at least 25 cardiac cycles were obtained to determine the instantaneous carotid arterial diameter waveform. ECG was synchronized with the sequence of carotid arterial images to average carotid diameter waveforms and to determine hysteresis loop diameter-pressure in the carotid artery. Images of the carotid artery acquired at 78.3 Hz were transferred to a personal computer, digitized into 636 Â 434 pixels with 256 levels of gray and analysed off-line with auto-tracking system software (MoveTr2D; Library Corporation, Tokyo, Japan). The pattern matching system of this analysis software was used to track the edges of far and near walls in the carotid artery in a frame-to-frame manner. The files containing selected digitized sequence of images in the carotid artery were imported into this software. Each sequential digitized image was individually examined by software, and the subsequent measurements were stored in a data file that could be imported into spreadsheets, such as Microsoft Excel, for later analysis. First, the centres of square markers were set manually on the far (blood-intima interface; >50 points) and near (media-adventitia interface; >50 points) vessel walls in these images. Each pair of markers was placed vertically to the vessel wall. At least 50 diameters per image were stored in the virtual memory system of this software. The markers can be identified using an edge detection technique on the basis of determination of a threshold in the optical field. This threshold can be set manually or automatically, and the pixels with values exceeding this threshold are regarded as the foreground and the other pixels are regarded as the background. The threshold can be set to 8-bit gray field for digital images. Every group of connected pixels, the values of which are within the foreground, make up the identified edge and are regarded as the target, and the coordinates of the wall edge of each 
Intima-media thickness
Carotid IMT was measured from the images obtained using a B-mode ultrasound device (Vivid i; GE Medical Systems). Ultrasound images were analysed using image analysis software (ImageJ 1.42; NIH, Bethesda, Maryland, USA). At least 10 measurements of IMT were taken at each segment, and the mean values were used for analysis, as described previously [15] .
Carotid arterial pressure waveform
The carotid arterial pressure wave was measured at the same site as the diameter wave but after echographic recording, using a multielement tonometry sensor, consisting of 15 pressure-sensitive small elements aligned side by side, which was coupled to the device (Colin PWV/ABI; Colin Medical Technology, Komaki, Japan). The carotid tonometry sensor is compact and lightweight, and can be easily attached around the neck. The sensor elements located manually at the centre of the carotid artery can be identified by screening the pulse pressure levels of the 15 elements, provided that the sensor element size is sufficiently small compared with the vessel diameter. The quality of the carotid pulse wave and the downward force were checked visually by carotid compression tonography. To average at least 25 cardiac cycles and to determine hysteresis loop diameter-pressure in the carotid artery, carotid arterial pressure waveform and ECG were recorded simultaneously in the supine position. Both carotid arterial pressure and ECG waveform were sampled at 1000 Hz by connecting each device to a personal computer using an analog/digital converter (PowerLab; AD Instruments, Bella Vista, New South Wales, Australia). As the baseline levels of carotid blood pressure are subjected to hold-down force, the pressure signal obtained by tonometry was calibrated by equating the carotid mean and DBP to the brachial artery values [16] .
Arterial blood pressure at rest
Chronic levels of arterial blood pressure at rest were measured with a semi-automated device (Form PWV/ ABI; Colin Medical Technology) over the brachial and dorsalis pedis artery. Recordings were made in triplicate with individuals in the supine position as described previously [17] .
Blood samples
Blood samples were taken after an overnight fast of at least 10 h to determine fasting glucose levels and fasting total cholesterol, high-density lipoprotein (HDL) cholesterol and triglyceride levels from serum samples with enzymatic techniques [7, 18] .
Cardiorespiratory fitness
Cardiorespiratory fitness, assessed from VO 2peak , was measured by incremental cycle exercise test using a cycle ergometer (Ergomedic 828E Test Cycle; Monark, Varberg, Sweden). The incremental cycle exercise began at a work rate of 30 or 60 W for women and 60, 90 or 120 W for men (60 rpm), and power output was increased by 15 W/min until the individuals could not maintain the fixed pedalling frequency. The individuals were encouraged during the ergometer test to exercise at the level of maximum intensity.
The heart rate and rating of perceived exertion (RPE) were monitored minute by minute during exercise. VO 2 was monitored during the last 30 s of each increase in work rate after the RPE reached 18. RPE was obtained using a modified Borg scale [19] . VO 2 was measured by the Douglas bag method. The highest value of VO 2 during the exercise test was designated as VO 2peak . As the test requires incremental cycle exercise to exhaustion, individuals were allowed to determine whether they were willing to participate in the test [18, 20] .
Body composition
Body composition was determined by dual-energy X-ray absorptiometry (DEXA) (model DPX-IQ; Lunar Radiation, Madison, Wisconsin, USA) with the individuals in the supine position. Measurement of fat mass using DEXA has been well validated against other standards [21] . Pressure-dependent analysis of diameter, compliance and stiffness
As described above, during both carotid arterial diameter and pressure measurements, the spikes corresponding to the R-wave of the ECG were acquired and stored along with the diameter and pressure signals. A computerized procedure was used to determine the pressure-diameter hysteresis loop [22, 23] and to calculate the purely elastic pressure-diameter relationship using an original system called Kaiseki KENTA-KUN (Fig. 1 , Software: Visual Basic). Both pressure and diameter waveforms were identified according to the R-wave of the ECG. Each cardiac cycle, both for pressure and diameter, was interpolated in time to obtain the same number of data points. Each cardiac cycle from the pressure and diameter signals (a total of at least 25 beats) was resampled to 256 samples per beat, and then the average pressure and diameter beat were calculated. The resampling procedure was carried out by interpolation using the time array as input, with the original number of samples corresponding to pressure or diameter. The output was a new time alignment containing 256 samples with the same time period. The pressure-diameter hysteresis loop was then obtained by x-y composition of pressure and diameter waveforms. When the pressure-diameter hysteresis loop was analysed, we synchronized the foot (end diastole) of pressure vs. time with that of diameter vs. time. Such a loop involved elastic and viscous components in its area. To obtain the purely elastic pressure-diameter relationship, we transformed real pressure (P real ) into elastic pressure (P elastic ) using a first-order differential equation [24] , which characterizes the viscoelastic behaviour of the arterial wall.
where h is the viscosity index and dD/dt is the first derivative of the diameter with respect to time.
The value of h was increased by iteration to obtain reduction of the hysteresis loop area until it reached a minimum value that maintained the clockwise course of the loop.
The purely elastic relationship obtained by the hysteresis elimination procedure was fitted by a logarithmic model previously applied to the description of the elastic properties of large arteries and transformed into a diameterpressure curve according to the formula expressing the diameter (D) as a function of P elastic with two constants, a and b, determined by the fitting procedure, according to the procedure described previously by Armentano et al. [11, 16] . In the
In the present study, the purely elastic relationship after the hysteresis elimination procedure was strongly predicted by Eq. (2) (r ¼ 0.972-0.998). The compliancepressure curve was calculated by deriving Eq. (2) with respect to pressure (dD/dP elastic ). The stiffness-pressure curve was calculated by deriving Eq. (2) with respect to pressure (P elastic /dD). The diameter-pressure, compliancepressure and stiffness-pressure curves were represented over the same range of blood pressure, from 50 to 150 mmHg.
Elastic parameters, viscosity index, dynamic compliance and beta-stiffness index
The compliance-pressure and stiffness-pressure curves allowed us to calculate effective values of compliance and stiffness corresponding to the prevailing mean blood pressure of each individual. The curves also allowed us to calculate isobaric values of compliance and stiffness corresponding to the same standard pressure in all individuals. This standard pressure was chosen arbitrarily as the arithmetic average of mean arterial pressure of all individuals (92.15 mmHg).
The wall viscosity index was computed according to Eq. (1) by incrementally increasing the h coefficient until the minimum area of the hysteresis loop was obtained. The viscosity index was the h value corresponding to the minimal hysteresis loop area.
The dynamic arterial compliance and the beta-stiffness index were measured as common arterial function Arterial wall viscosity in fit middle-aged men [6, 7, 14, 15, 17, 25] . The beta-stiffness index provides an index of dynamic arterial compliance adjusted for distending pressure [26] . The dynamic arterial compliance and the beta-stiffness index were calculated using the following equations:
and Beta-stiffness index ¼ ln
where D 1 and D 0 were maximal and minimal diameters, and P 1 and P 0 were the highest and lowest blood pressures, respectively.
Statistical analyses
Statistical analyses were performed with the statistical software StatView (SAS Institute, Cary, North Carolina, USA). Two-way analysis of variance (ANOVA) (age Â cardiorespiratory fitness) was used to compare continuous variables. When a significant F-value was obtained, Scheffe's posthoc test was used to identify significant differences among mean values. All data are reported as means AE SEM. For all comparisons, a P value of less than 0.05 was taken to indicate statistical significance.
RESULTS
Individual characteristics are summarized in Table 1 . There were no significant differences in body weight, BMI, percentage body fat, HDL-cholesterol, plasma glucose or triglyceride among all four groups. All fitness parameters were decreased by advancing age, and both absolute and relative VO 2peak values were affected by cardiorespiratory fitness.
Cardiovascular indices are summarized in Table 2 . Although ANOVA revealed no interactions in all parameters, resting heart rate, brachial pulse pressure and carotid diastolic diameter were affected by cardiorespiratory fitness. Moreover, brachial SBP, DBP and mean blood pressure and carotid IMT parameters were affected by advancing age.
The diameter-pressure, compliance-pressure and stiffness-pressure relationships in age and cardiorespiratory fit categories are shown in Figs. 2 and 3 , respectively. In men of both age groups, each of the three lines overlapped between the cardiorespiratory fit and unfit groups (Fig. 2) . In the unfit group, the compliance-pressure curve in the middle-aged men was shifted towards lower values and the stiffness-pressure relationship was shifted towards higher values with respect to those in the young men, but not in the fit group (Fig. 3) . Indeed, alpha and beta values of Eq. (2) were affected by age using two-way ANOVA (Table 3) .
Carotid elastic properties are summarized in Table 3 . There were no significant interactions in carotid dynamic arterial compliance, effective compliance, isobaric compliance, effective stiffness or isobaric stiffness by ANOVA. These carotid arterial elastic properties were attenuated with advancing age but unaffected by cardiorespiratory fitness.
The wall viscosity index is shown in Fig. 4 . In the unfit group, the wall viscosity index in the carotid artery was greater in middle-aged men than in young men, but no such difference was observed in the fit group. In the middle-aged men, the wall viscosity index in the carotid artery was markedly higher in the unfit group than in the fit peers, but not in the young men.
DISCUSSION
The most important findings in the present study were as follows. First, in the cardiorespiratory unfit group, the carotid wall viscosity index in middle-aged men was significantly greater than that in young men. Second, there was no such age-related difference in the fit group. Third, although the wall viscosity index in the middle-aged unfit men was significantly higher than that in the age-matched fit peers, there were no such differences in indices of elastic properties and stiffness in the central artery. To our knowledge, this is the first study to identify the influences of ageing and cardiorespiratory fitness on arterial wall viscosity, and the results suggest that the age-related increase in central arterial wall viscosity is attenuated in cardiorespiratory fit men.
Central elastic artery flexibly receives the pulsatile energy imposed by cardiac contractions to store energy, and the stored energy is effectively used for flowing blood into peripheral tissues. In this successive progression, wall viscosity reflects energy loss during conversion of mechanical energy from cardiac pulsation into elastic energy in the arterial wall. Thus, the results of the present study indicating greater wall viscosity of middle-aged men than young men suggest that advancing age results in inefficient mechanical transduction, and consequently, the efficiency of blood flow in elastic arteries may be impaired with advancing age. In addition, our results indicated that the age-related increase in wall viscosity was smaller in cardiorespiratory fit men than in unfit men, and there were no significant differences in wall viscosity or elasticity between young and middle-aged cardiorespiratory fit men. These findings suggest that the attenuation of age-associated reduction in cardiorespiratory fitness level prevents energy loss during mechanical transduction, leading to maintenance of effective flowing blood in elastic arteries.
Wall viscosity reflects not only energy dissipation during mechanical transduction but may also play a role in protection against pulsatile energy in the elastic arteries. Vessel wall structure deteriorates with advancing age (arteriosclerosis) because of alterations in the elastin-collagen ratio and fibrosis of vascular smooth muscle [27] . If pulsatile energy induced by heart contractions is unchanged with ageing [9] , wall strain is increased, leading to an increased risk of vessel wall rupture, such as arterial dissection. Indeed, it has been reported that the isolated carotid artery indicated lower viscosity and greater wall strain in vitro, suggesting that reduction of wall viscosity caused by denervation is associated with greater wall strain [10] . However, middle-aged men in the present study showed a higher wall viscosity index than young men, suggesting that this increased wall viscosity with advancing age may attenuate excessive strain in the vessel wall. Therefore, the age-related increase in wall viscosity may be a compensatory adaptation to prevent the increase in wall strain. Furthermore, our results indicated that wall viscosity was not significantly different between young and middle-aged men in the cardiorespiratory fit group. Therefore, we speculated that because the deleterious alteration of wall structure with ageing may be attenuated in cardiorespiratory fit men [28] , it may not be necessary to induce a compensatory increase in wall viscosity. On the contrary, the age-related increase in wall viscosity may mean that the heart must impose stronger contractions to maintain elastic energy in the vessel wall and provide constant blood flow to peripheral tissues, resulting in elevation of systolic pressure and left ventricular overload. This hypothesis was supported in part by a previous study indicating that advancing age is associated with systolic hypertension or left ventricular concentric hypertrophy [18, 29] . Moreover, in the present study, the age-related increase in wall viscosity was smaller in the cardiorespiratory fit in middle-aged men than in their unfit peers, suggesting the prevention of age-related energy loss during mechanical transduction in cardiorespiratory fit men. This may contribute to mitigation of left ventricular , compliance-pressure (c and d) and stiffness-pressure (e and f) curves over a pressure range from 50 to 150 mmHg between fit and unfit groups in young (left) and middle-aged men (right). These graphs were calculated using the values of alpha and beta in Table  3 . Data are means AE SEM.
load, leading to suppression of hypertension and left ventricular hypertrophy. Nevertheless, the relationships between wall viscosity and cardiorespiratory fitness level or left ventricular hypertrophy should be confirmed by further interventional or prospective studies.
In the present study focusing on untrained individuals, dynamic arterial compliance was lower and beta-stiffness was higher in middle-aged men than in young men, but no effect of cardiorespiratory fitness level was observed, consistent with the results of a previous study [7] . In addition to these existing elastic parameters, our study characterized the effects of ageing and cardiorespiratory fitness level on the intrinsic pressure-independent elastic properties of the carotid arterial wall. We showed compliance-pressure and stiffness-pressure relationships in each category group calculated by Eq. (2). In the unfit group, the compliancepressure curve in middle-aged men was shifted downwards and stiffness-pressure linear regression was shifted upwards compared with young peers. However, although we were attempted to confirm these findings by comparison of effective and isobaric values of carotid compliance and stiffness between the two age groups in cardiorespiratory unfit individuals, ANOVA revealed no interaction of age and fitness. When we focused on the values of elastic , compliance-pressure (c and d) and stiffness-pressure (e and f) curves over a pressure range from 50 to 150 mmHg between young and middle-aged men in cardiorespiratory fit (left) and cardiorespiratory unfit groups (right). These graphs were calculated using the values of alpha and beta in Table 3 . Data are means AE SEM.
parameters of the carotid artery, effective values of carotid compliance and stiffness (at the mean blood pressure in each individual) were reduced by 32 and 39%, respectively, in middle-aged men with respect to young men in the cardiorespiratory unfit group. Isobaric values of compliance and stiffness (at the average mean blood pressure in all individuals) were also reduced by 25 and 55%, respectively, in middle-aged men. Our results suggest that although blood pressure is increased with advancing age [30, 31] , age-related arterial stiffening in the unfit group is an intrinsic pressure-independent alteration of the elastic properties. We can only speculate on the mechanisms responsible for the lack of age-associated increase in wall viscosity in the cardiorespiratory fit group. Wall viscosity is mainly affected by vascular smooth muscle. This view was confirmed by a previous study [10] indicating that the wall viscosity was substantially attenuated by approximately 50% under vascular smooth muscle null tonus conditions (inactivation in sympathetic nerve) using carotid arteries of brain-dead humans in vitro. This suggests a strong relationship between the wall viscosity and sympathetic-adrenergic tone of smooth muscle cells in arteries. However, even if vascular smooth muscle is inactive in sympathetic nerves, IMT or the substrate of the arteries is essentially unchanged. This exhibited incomplete null viscosity index [10] . Indeed, the wall viscosity was affected by the characteristics of wall morphology, in particular, IMT, as reported previously [11] . We also found that, in all individuals taken together, wall viscosity was related to IMT in the carotid artery (r ¼ 0.371, P < 0.0001). Previous studies have demonstrated that both vascular smooth muscle tone and IMT increase with advancing age, and these age-related increases are attenuated by maintenance of cardiorespiratory fitness level [12, 13] , which may support the lower wall viscosity in cardiorespiratory fit men determined in the present study. On the contrary, as the effects of histological properties, such as elastin-collagen ratio or fibrotic smooth muscle in arteries on wall viscosity, remain unclear, further studies are needed to determine the structural mechanisms underlying the lack of age-related increase in wall viscosity in the middle-aged cardiorespiratory fit group.
Our results demonstrated that wall viscosity in the carotid artery increased with advancing age, which may be expanded to understand changes in autonomic regulation with ageing. Arterial wall viscosity is mainly related to vascular smooth muscle cells [1] [2] [3] [4] . Thus, age-associated sympatho-excitation [32] may induce an increase in wall viscosity via smooth muscle contraction. On the contrary, increased wall viscosity leads to a reduction in wall strain [10] . Decreased wall strain may contribute to attenuation of baroreceptor sensitivity in response to blood pressure fluctuation. Therefore, age-related reductions in baroreflex sensitivity [33] may be associated with age-related increases in wall viscosity.
We emphasize two main points for assessment of wall viscosity. First, although there were no differences in dynamic, isobaric and effective arterial compliance or beta-stiffness between age-matched fit and unfit groups, the viscosity index in middle-aged men was lower in the fit group than in the unfit peers. Thus, wall viscosity may be a more sensitive parameter of mechanical characteristics for assessment of vascular health than existing mechanical parameters in the arteries, that is, dynamic arterial compliance or beta-stiffness. Second, arterial wall viscosity can be calculated noninvasively by using the diameter waveforms and blood pressure waveforms obtained by B-mode image sequence and applanation tonometry. A combination of B-mode images with applanation tonometry has been used to determine arterial compliance or beta-stiffness in many investigations [7, 14, 15, 17, 25, 33, 34] . Our procedure of hysteresis elimination, according to previous studies [11, 16] , based on characterization of the viscoelastic behaviour of the arterial wall, was used to determine the wall viscosity. In addition, this procedure was highly reproducible to determine wall viscosity, as the coefficient of variation was 1.6%. Therefore, this arterial viscoelasticity assessment can potentially be useful in both research and clinical application in the future. The present study had a limitation. We found the significance of interaction (age vs. fitness) and age effects for viscosity index of the carotid artery. However, the statistical power was insufficient for interaction because of the small population size (111 individuals). Therefore, our results should be confirmed in larger populations and by interventional studies to negate the effects of heritable factors or dietary habits as much as possible.
In conclusion, we determined the associations among age, cardiorespiratory fitness and wall viscosity in a crosssectional study design. The common carotid artery was noninvasively examined by tonometry and an automatic tracking system for B-mode images to obtain instantaneous pressure and diameter hysteresis loops, and we calculated the viscosity index. In conclusion, wall viscosity in the central artery increases with advancing age, and this agerelated increase in wall viscosity may be attenuated in cardiorespiratory fit men.
